Nephronophthisis-related ciliopathies (NPHP-RC) are a group of inherited genetic disorders 34 that share a defect in the formation, maintenance or functioning of the primary cilium 35 complex, causing progressive kidney failure and other clinical manifestations. Mutations in 36 centrosomal protein 164 kDa (CEP164), also known as NPHP15, have been identified as a 37 cause of NPHP-RC. Here we have utilised the MRC-Wellcome Trust Human Developmental 38 Biology Resource (HDBR) to perform immunohistochemistry studies on human embryonic 39 and foetal tissues to determine the expression patterns of CEP164 during development. 40 Notably expression is widespread, yet defined, in multiple organs including the kidney, retina 41 and cerebellum. Murine studies demonstrated an almost identical Cep164 expression pattern.
190
Sections of tissues were cut (10-12μm) using a cryostat and mounted on charged glass slides. 191 These were incubated in 0.2% glutaraldehyde fix (0.2% glutaraldehyde, 2mM MgCl 2 , 5mM 192 EGTA in PBS) for 5 min, washed in PBS for 10 min, and then washed in X-Gal wash (2 mM 193 MgCl 2, 0.01% Sodium Deoxycholate, 0.02% NP-40 in PBS) for 10 min. Slides were 194 incubated with X-Gal stain (1mg/ml of X-Gal DMSO in 2 mM MgCl 2, 0.01% Sodium 195 Deoxycholate, 0.02% 5mM Potassium Ferricyanide, 5mM Potassium Ferrocyanide in 196 PBS) at 37°C in the dark, until the blue precipitate stain intensity did not further increase or 197 WT littermate controls showed endogenous beta galactosidase staining. Slides were washed 198 in PBS and then dehydrated to 100% ethanol before clearing in Histoclear II (National 199 Diagnostics) and mounting in DPX mounting medium (Sigma-Aldrich), slides were imaged 200 using the SCN400 Side Scanner (Leica). Deoxycholate, 0.02% NP-40 in PBS) prior to overnight storage at 4°C. Embryos were 207 incubated in X-Gal stain, consisting of 25mg/ml of X-Gal/DMSO solution in a 1 in 25 208 dilution of X-Gal staining buffer (2 mM MgCl 2, 0.01% Sodium Deoxycholate, 0.02% 209 5mM Potassium Ferricyanide, 5mM Potassium Ferrocyanide in PBS) at 37°C in the dark; 210 incubation was completed once the blue precipitate stain intensity did not further increase or 211 WT littermate controls started to show endogenous beta galactosidase staining. Embryos Resource. CS23 whole embryos were fixed in 4% paraformaldehyde (PFA), for 72 hours, 219 with incision in the skull down the sagittal plane and a slit in the abdomen at the umbilicus. 220 Tissues were transferred to methacarn until further processed. This same protocol was used 221 for processing of foetal eye, brain and kidney; the embryonic and foetal kidney were cut 222 sagittally, to allow the fix to penetrate. Human embryonic and foetal tissues were washed in 223 increasing concentrations of ethanol, and then incubated in 3 changes of xylene before 224 embedding in paraffin wax. Sections, on positively charged glassed slides, were de-waxed in 225 two washes of xylene, and then rinsed in two changes of absolute ethanol. Slides were 226 incubated in methanol peroxide solution (0.5% H 2 O 2 ) for 10 min to block endogenous 227 peroxidase. Slides were rinsed in tap water and then antigen retrieval was completed using 228 citrate buffer. After rinsing in Tris-buffered saline (TBS), slides were incubated with 10% 229 goat serum (Vector) for 10 min at room temperature and then incubated with the primary 230 antibody in goat serum with TBS overnight at 4 °C (S1 Table) . After washing with TBS, 231 slides were incubated with the goat anti rabbit BA-1000 biotinylated secondary antibody 232 (Vector Laboratories) diluted in goat serum with TBS (1/500), for 30 min at room 233 temperature. The secondary was washed with TBS and then slides were incubated with 234 VECTASTAIN Elite ABC kit PK6100 tertiary complex (Vector Laboratories), for 30 min at 235 room temperature. After TBS washes, the stain was developed for 10 min at room 236 temperature using ImmPACT DAB peroxidase substrate (SK-6100) solution (Vector 237 Laboratories). The slides were washed thoroughly in water, and counterstained with 238 haematoxylin, dehydrated, cleared and mounted.
240
An indirect, two-step, method was utilised for the foetal kidney sections. Samples were 241 incubated with a HRP goat anti-rabbit IgG peroxidase secondary (Vector) (1/500). After TBS 242 washes, the stain was developed using DAB peroxidase substrate solution, as described 243 previously. No primary controls sections were utilised as negative controls, anti-PAX6 was 244 utilised as a positive control for the brain and cerebellum (S1 Table) . 256 In the human embryonic and foetal kidney, immunohistochemical staining demonstrates that 257 CEP164 is present in the metanephric epithelial-derived renal vesicles, comma-shaped bodies indicating that CEP164 expression in the human kidney was specific (S4 Figure A,B) . 304 305 In the murine kidney (129/OlaHsd-Cep164 tm1a(EUCOMM)Wtsi/+ ), the LacZ reporter assay 306 demonstrates that Cep164 expression correlates with human kidney CEP164 expression. In the developing human retina, CEP164 expression is widespread yet defined (Figure 2A) . 318 In early retinal development (11 PCW) CEP164 is expressed weakly in the developing nerve 319 fibre layer (NFL) (fibrous extensions from the optic nerve) and nerve fibres in the 320 differentiating ganglion cell layer (GCL)/inner plexiform layer (IPL) (Figure 2A Figure 2B) . Cep164 is also expressed sparsely in some cells of the INL and ONL, however 365 these tend to be at the boundaries of the plexiform layers (P15.5-P29.5) (Figure 2B .II.III). 366 Notably, at later stages of development, Cep164 expression is clearly defined to the IS of the (Figure 3F.I.II, G.I.II.III) . Later in development, Cep164 is also 448 expressed in the ganglion cell layer (P30.5) (Figure 3H.I.II.III) , potentially this might be 449 seen later on in human foetal development. Cep164 is also expressed at the apical membrane 450 of the ventricular surface of the cerebellum at P0.5 and P15.5 (Figure 3F.III, G.III) . Unlike 451 the human cerebellar expression, Cep164 is expressed in the white matter of the cerebellum 452 which is present, although reduced at P30.5 (Figure 3E.IV, F.VI, G.IV, H.IV) . Cep164 is 453 also expressed in the choroid plexus, ependymal cells, which is demonstrated in P0.5 sections 454 (Figure 3E.I.II.III, F.IV) . Murine controls demonstrate that there is no endogenous LacZ 455 expression in the murine brain (S5 Figure F-H) . 456 
Results

255
CEP164 expression during human and murine renal development
457
CEP164 expression during human and murine development in other tissues
458
CEP164 is expressed widely throughout the developing human embryo at 8PCW ( Figure   459   4A.I.) . In the 8PCW lung, CEP164 is expressed most strongly in the epithelial cells lining the 460 lumen of the bronchi and bronchioles (Figure 4A.II.III) . Weaker CEP164 expression is also 461 present in the bronchiole smooth muscle, and the alveoli primordia (Figure 4A.II.III) . In the 462 8PCW developing heart, CEP164 is expressed in cardiomyocytes (Figure 4A.IV.V) . The 463 gastrointestinal tract also shows strong defined CEP164 expression in the inner mucosa 464 squamous epithelium cell layer, muscularis mucosae cell layer and the external muscularis 465 externa layer at 8PCW (Figure 4A.VI) . At 8PCW in the developing gonads, CEP164 is 466 expressed weakly in the germline epithelium, but strongly in the seminiferous cord tubules 467 (Figure 4A.VII.VIII) . Additionally, CEP164 is expressed strongly in the dorsal root ganglia 468 of the spinal cord, with weak expression in the developing vertebrae (Figure 4A.X) . CEP164 469 is also expressed in developing bone primordia of the limbs at 8 PCW (Figure 4A.X) . 
479
Cep164 is expression is seen in murine alveoli (B.IX), which is lost with maturity (B.VII). expression in the ONBL primordial layer, with punctuate expression at the edges of the INL 578 and ONL. Multiple studies have suggested that primary cilia are present and functional in 579 neurones [40] . It could be speculated they are also present in the neurones seen in the NFL, 580 OPL, IPL, GCL, ONBL, IBL and OBL, which would link with CEP164 expression. The 581 human and murine retina have shown some differences in gene and protein expression in 582 previous studies, potentially this is the case with CEP164 in the retina [41] .
584
Retinal photoreceptor cells have a specialised connecting primary cilium between the inner 585 and outer segment of the photoreceptors. It therefore seems reasonable that CEP164, a distal 586 appendage centrosomal protein, is expressed in photoreceptor segment in the developing 587 human and murine retina. CEP164 expression has been previously identified in the murine 588 connecting cilium, further confirming our results [1, 42] .
590
In the murine retina, Cep164 expression is defined to the inner segment of the photoreceptor 591 layer by P15.5. This correlates with previous preliminary Cep164 In Situ hybridisation 592 studies [43] . It can be hypothesised that the Cep164 is transcribed and translated in the inner 593 segment but then the CEP164 protein is transported to the outer segment of the photoreceptor 594 cells; this would not be detected by the X-Gal assay but could be defined in the human assay.
595
Interestingly, the murine Cep164 expression pattern is maintained in the adult mouse. It is 596 likely that human CEP164 expression is also maintained in the human adult retina, potentially 597 with a role in retinal development and tissue functioning.
598
It is also well established that CEP164 is present at the basal body of retinal pigment 599 epithelial cells, clarifying the results from our study [1, 2, 15, 17, 23] . It can be hypothesised 600 that with abnormal functioning/loss of CEP164, there could be atypical outer segment formation, which could lead to the accumulation of phototransduction proteins that could 602 trigger cell loss, leading to a retinal degeneration phenotype, as seen in some CEP164 603 NPHP-RC patients [1, 9, 44] . 604 605 CEP164 is expressed throughout the developing human brain (8PCW-18PCW) and the 606 developing murine brain (P0.5-P29.5), including the telencephalon, diencephalon, Primary cilia are vital in the developing brain for Shh signalling, which is needed for 618 proliferation of neuronal granular cell precursors in vertebrates, being a major driver of 619 cerebellar precursors [45, 46] . Shh is also required for the cell-specific expansion of postnatal 620 progenitors [40] . Wnt signalling, transduced by the primary cilia, is also required for neuronal 621 patterning, cell proliferation and neuronal migration [46] [47] [48] . In the adult nervous system, 622 primary cilia are thought to be required in stem cell regulation and tissue regeneration, 623 however the full extent of primary cilia function in the adult central nervous system is still to 624 be determined [40, 45] . It could be suggested that CEP164 has a functional role in human brain development. Potentially, aberrant function of CEP164, may lead to brain dysplasia via 626 abnormal primary cilia functioning in neuronal precursors. Some CEP164 NPHP-RC 627 patients show neurological phenotypes, including abnormal developmental delay, intellectual 628 disability and in one patient, cerebellar vermis aplasia, an archetypal feature of Joubert 629 syndrome. Another patient also experiences seizures [1, 9] . In the murine cerebellum, Cep164 expression is widespread including the migrating 632 molecular, ganglion and Purkinje cell layers, as well as the white matter (P0.5-P29.5).
633
Wholemount expression studies from the international phenotyping consortium have shown 634 that Cep164 is expressed strongly throughout the adult murine brain [36] . It may be that 635 Cep164 RNA expression does not directly correlate with CEP164 protein expression.
636
Although there is believed to be high conservation between the human and murine 637 transcriptomic networks, CEP164 may be part of the divergent pathway in the human-murine 638 brain transcriptomics [46] . resistance, which causes hyperphagia and subsequent weight gain. It could be hypothesised 644 that CEP164, which is expressed in the developing choroid plexus of the human (8 PCW, 16 645 PCW, 18PCW) and murine brain (P0.5), may not only play a role in gross neurological 646 development, but may also be involved indirectly in leptin receptor localisation or 647 functioning within the primary cilium. This could contribute to the obesity phenotype seen in 648 some CEP164 NPHP-RC patients [1, 9] . CEP164 is also expressed in tissues secondary to the cerebellar-retinal-renal phenotype, some 659 of which have motile cilium. Taking together results from a previous murine CEP164 motile 660 cilia study [24] , it is plausible that CEP164 is expressed in the ciliated epithelial cells of the 661 trachea, bronchi and bronchioles in the human (8 PCW) and murine (P15.5-P29.5) lung.
662
Previous studies indicate that this is likely to be maintained in the adult human and murine 663 lung [36, 39] . Cep164 is also expressed in the murine spermatids, which have a flagellum, CEP164 is also expressed in other developing tissues that contain a primary cilium, (human 8 675 PCW, mouse P15.5-30.5); including cardiomyocytes of the heart, cholangiocytes of the liver 676 bile ducts, smooth muscle cells, cartilage, spermatogonia and spermatocytes, bone primordia 677 and the epithelium lining and smooth muscles of the GI tract [50] [51] [52] [53] [54] [55] [56] [57] . Accordingly, CEP164 678 is not present in the hepatocytes, which do not contain primary cilium [58] . 679 680 CEP164 is expressed in tissues involved in the CEP164 NPHP-RC phenotype, but is also 681 expressed in tissues not associated with this phenotype. It could be that CEP164 has cell-682 specific functions, not all tissues may rely on the primary cilium for development or have 683 other pathways that can compensate for the abnormal functioning or loss of CEP164.
684
Remarkably, human CEP164 expression patterns demonstrated here correlate with previously 685 reported expression patterns of the JBTS genes AHI1 and CEP290 [59]. This could indicate a 686 universal mechanism that underlies NPHP-RC.
688
In summary, CEP164 demonstrates widespread yet defined expression throughout human and 689 murine development, which is predominantly maintained into adult life. Human and murine 690 data largely correlate and CEP164 function is likely to be conserved between the two species.
691
CEP164 is expressed in tissues affected in CEP164-NPHP-RC patients, however clinical 692 heterogeneity, commonly seen in ciliopathies, needs to be further investigated. 
